An exact calculation is given of the acoustic radiation from a time dependent flow coupled to an inhomogeneous solid surface. Specifically, the flow consists of a vortex sheet leaving a semi-infinite plate and undergoing a two-dimensional spatial Kelvin-Helmholtz instability. In the absence of the plate, such an instability mode of the vortex sheet generates no sound. In the presence of a rigid plate, it is found that the intensity-directivity law is 
An area of aerodynamic noise theory in which significant advances have recently been made is th a t of the interaction of unsteady flows with solid surfaces. The possi bility th a t the presence of solid surfaces could greatly enhance the radiation from a contiguous turbulent flow was first demonstrated by Curie (1955) . Subsequently, this possibility became a m atter of some controversy (Meecham 1963; Powell 1963; Ffowcs Williams 1963) , which the papers of Ffowcs Williams (1965 ), Ffowcs Williams & Hall (1970 , Davies (1970) and Crighton & Leppington (1970 have attem pted to resolve. These papers, and others referenced in them, while providing a basic understanding of most effects likely to occur in practice, involve a considerable, and perhaps unjustified, extrapolation from Lighthill's (1952) original theory of aerodynamic sound in the absence of surfaces. The view is taken th a t the flow is acoustically equivalent to a volume distribution of quadrupoles, and th a t details of the flow serve merely to determine the strength and frequency content of th a t distribution. Thus the problem of flow noise in the presence of surfaces is reduced to one of classical diffraction theory -essentially th a t of finding the solution to the linearized wave equation with a point quadrupole inhomogeneity, subject to the boundary conditions demanded by the surface under discussion. The hydrodynamic aspect of the problem is completely contained in the strength and frequency [ 185 ] parameters of the quadrupole inhomogeneity. Such a de-coupling of hydrodynamics and acoustics has its difficulties even in the case of free turbulence, and clearly requires adequate justification, since it is the crux of the surface scattering theories cited above. In the case of free turbulence, the appropriate justification has been given by Crow (1970) , who also gives a penetrating discussion of the very severe limitations on the quadrupole model. An extension of his methods and results to the case of a general flow in the presence of any surface likely to be of practical significance appears to set a formidable problem. Accordingly, expediency seems to require the necessary justification for scattering theories to come from a comparison of their predictions with exact solutions for particular flows. For example, the low Mach number radiation from a line vortex spinning about a circular cylinder, whose axis is parallel with th a t of the vortex, is capable of calculation (M. Heckl 1970, private communication) , with results which agree with those of Curie (1955) and Crighton & Leppington (1971) . The cylinder scatters a dipole field, if its radius is less than the relevant acoustic wavelength, with intensity increasing as the fifth power of a typical flow speed U. In contrast, a spinning vortex pair in free space radiates a quadrupole field with intensity varying as U7 (Obermeier 1967) . Exam significance are not easily found, and the flow discussed in the sequel seems to provide the first case of a flow which is in some sense extended in space, and coupled to a non-trivial surface of practical interest. (The flows discussed by Amiet & Sears (1970) are of a rather different kind, involving motions essentially driven by the prescribed motion of a surface; what we require are flows coupled to surfaces which are passive, except for their role as scattering centres.)
The flow whose acoustic properties form the subject of this paper was first examined by Orszag & Crow (1970) , in the context of hydrodynamic stability theory. Plane parallel flow on one side of a semi-infinite plate generates a vortex sheet downstream of the trailing edge, which may develop a time-harmonic spatially growing instability. Orszag & Crow determine the correction caused by the presence of the plate to the Kelvin-Helmholtz instability eigenfunctions of the doubly infinite vortex sheet. Their conclusions are essentially th a t the correction is negli gible a t distances greater than a hydrodynamic wavelength from the edge. Such an effect is of no great significance for stability theory, but the flow is of the greatest interest in the context of aerodynamic noise theory. We shall see th a t the flow is an extremely efficient radiator of sound -entirely because of the small correction required by the presence of the plate, for a t subsonic flow speeds a Helmholtz instability on a doubly infinite vortex sheet radiates no sound field at all. One very interesting aspect of the work of Orszag & Crow involves the application of two possible K u tta conditions, both of which have im portant consequences in the acoustic problem. The appropriate compressible generalizations of the functions used by Orszag & Crow to enforce K u tta conditions are found in §4. We start, however, by considering the Orszag-Crow problem for a compressible fluid at low Mach numbers. Subsequent sections then discuss the effects of substantial compliance of the plate, the imposition of K u tta conditions, and the generalization of Sommerfeld's classical half-plane diffraction problem to incorporate the effect of the vortex sheet. The paper ends with a discussion of the relevance of the results to current problems in jet noise prediction. I t is suggested th a t the interaction of shear layer instability with a large solid surface may be the mechanism responsible for the so-called ' excess noise ' phenomenon.
V o r t e x s h e e t l e a v i n g a r ig id p l a t e
We consider two-dimensional motion in the y) plane. A semi-infinite rigid plate lies in y = 0, x < 0 . In the unperturbed state, the fluid in 0 is at rest, while th a t in y < 0 streams uniformly with velocity (U, 0). The fluid density p0 and the sound speed a0 are the same in both regions, and we assume th a t 1. We seek the eigenmodes of the coupled fluid-plate system, subject to linearized theory and to the assumption th a t a steady state exists in which all fluctuating quantities have the time dependence e x p (-0. This assumption requires th a t solutions exponentially large as x-> + oo must be ad the assumed linearity at sufficiently large downstream distances. For the moment we ignore th a t difficulty, but attem pt in §6 to justify the adoption of the linear model as adequate for the issues a t hand in this paper.
The perturbation potentials satisfy the equations
in which Jc0 = a>la0 is the acoustic wavenumber. In accordance with common practice, it will be convenient to take k0 as complex, = ik2 with kx, k2 > 0, so th a t outgoing solutions for the potentials are then exponentially damped.
Kinematic requirements on the vortex sheet y = rj(x) exp ( -i are expressed by
for y = 0, x > 0, and the dynamic condition, th a t the vortex sheet cannot withstand a pressure jump across it, requires th a t
on y = 0, x > 0. The conditions on the rigid plate are simply th at
A formal solution, in the form of a Helmholtz instability on a doubly infinite vortex sheet, plus a correction due to the presence of the plate, can be found from a straightforward W iener-Hopf analysis. Details are given by Orszag & Crow (1970) and Crighton (1972) . In the low Mach number limit, the field in the stagnant fluid is given by
where y = (i-1) &H, v = ( -i -l)fcH, &H = oj/U is the hydrodynamic wavenumbe a t frequency a>, = (ju? -J c f f i with Re y/t > 0, and where -fc2/(l + M The primary field of the instabilities is, of course, poorly represented by the linear model, and we do not consider it further. The interaction field is provided by the expression for (f), and its evaluation is a standard procedure of diffraction theory (see, for example, Noble 1958, p. 31), leading to
uniformly in 6 (where x = r cos0, y = rsin#), provided kQr > 1 and 1. To compare this result with others of aerodynamic noise theory, we define a hydrodynamic length scale lby sible flow as defined by the length and velocity scales l, U alone, so th a t A ~ Ul. The radiated density fluctuation then follows directly from (2.7) as 8) and the intensity-directivity law is
Now the sound field resulting from the interaction of a general three-dimensional flow field with a semi-infinite rigid plate has been examined by Ffowcs Williams & Hall (1970) , in the context of Lighthill's (1952) equivalent quadrupole model, with the conclusion th a t I ~ U5 sin2 \ 6. The analogous result for a two-dimensional flow field, although not given by Ffowcs Williams & Hall, is precisely (2.9). This can be seen from the systematic method proposed by Crighton & Leppington (1970 for attacking two-and three-dimensional scattering problems, involving the use of the Reciprocal Theorem and the solution of a two-dimensional diffraction problem. The scattering efficiency of a quadrupole/plate system is basically the same whether line or point quadrupoles are considered. However, the free-field intensity radiated by a two-dimensional quadrupole varies as U7 instead of the familiar U8 in three dimensions (Ffowcs Williams 1969) , and therefore the of Ffowcs Williams & Hall is reduced in our problem to C4, all other factors remaining essentially unchanged.
The work of this section thus bears out exactly the predictions of the general theory of quadrupole near-field scattering by a rigid half-plane. The velocity index and directivity appearing in (2.9) are both highly significant for certain difficulties in the application of aerodynamic noise theory to the prediction of the noise levels of current jet engines, and a discussion of the importance of the law (2.9) follows in §6.
We emphasize here th a t no attem pt has yet been made to enforce any type of K u tta condition on the unsteady trailing edge flow. In fact it can be shown from (2.6) th a t the perturbation velocities in y < 0 and the gradient of become infinite like x~i near the edge.
3. V o r t e x s h e e t l e a v in g a c o m p l ia n t p l a t e
We now relax the condition th a t the plate be rigid, and consider the case of a 'locally reacting' compliant plate, endowed with mass m per unit area and negligible bending stiffness. For x < 0, the kinematic conditions (2.2) are to be enforced for all values of x. For = 0 and x > 0 we still have the condition (2.3), th a t the vortex sheet cannot w ithstand a pressure jump, while for y = 0 and x < 0 the pressure jump mus of change of surface momentum, so th a t and the ( ± ) subscripts identify the functions as analytic and non-zero in appropriate upper and lower half-planes. The case of low fluid loading, mk0/p0 > 1, merely involves perturbations away from the results of § 2, and is of no further interest. In the high fluid loading limit, mk0/p0 < 4 1, it is evident th a t L(s) = 1 +O(mk0lp0) uniformly in wavenumber s, provided also th a t M1 . Because of the presence of the factor {L{ -k0 cos 0 in (3.2), it is therefore sufficient to take L +(p) = L_( -k0 cos 0) = 1, and then we have
* ~ ( d b ) ie x p < i V + ii,t M ( S ) sin0-<3-4)
Introducing the length l -U/oj as before, the intensity-directivity (2-9)is tr5e-2sin2/9, (3.5)
where the fluid loading parameter is defined by = 2p0ljm. Now the quadrupole scattering problem for a compliant plate has been examined by Crighton & Leppington (1970) , with the conclusion th a t I ~ t/6e_1i?_3 sin2 for a three-dimensional point quadrupole distant R from the plate edge. For a twodimensional quadrupole, U6 is reduced to U5 as noted earlier. the predictions of point quadrupole scattering theory exactly, except in the depend ence upon e. The failure in this respect is not surprising, since a volume integration of the factor R3 over all quadrupoles lying within a certain region of the required for the total intensity of an extended flow. Though difficult to define pre cisely, in view of the complexity of certain functions arising in the scattering problem, the integration limits are certainly dependent upon e, and it is this fact which causes the e-dependence of (3.5) to differ from th a t of an isolated quadrupole.
By comparing (3.5) with (2.9), we conclude th a t the effect of substantial surface compliance is to reduce the radiated intensity by one power of Mach number, and to cause a shift of the directional maximum of the intensity from the upstream direction 6 = 7c to the broadside direction 6 ^tt. A still more drastic change radiation properties of the flow results from the application of a K u tta condition at th e trailing edge, and the manner in which this is accomplished is described in the next section.
. I m p o s it io n of K u t t a c o n d i t i o n s
In their discussion of the incompressible vortex sheet flow leaving a rigid plate, Orszag & Crow (1970) distinguish between two possible K u tta conditions which might appropriately be enforced, depending upon circumstances in the unperturbed flow, and show how these may be incorporated into the analysis. The condition which they consider most apposite to the present problem involving only mean (zero-order) velocity field is called a 'rectified' K u tta condition, and requires the vortex sheet at no time to have positive gradient as it leaves the trailing edge of the plate. For suppose th a t the sheet could leave the plate with positive gradient. Then the basic flow in region 2 would be required to negotiate a tu rn round an angle greater than tc. In a real fluid, any such attem pt would result in the shedding of vorticity of such a sign as to reduce the vortex sheet gradient at the trailing edge. This is the first step in establishing a first-order mean circulation change across the plate, and it is repeated with cumulative effect in the corresponding parts of all subsequent cycles of the system. In the other parts of the cycle-i.e. when the sheet bends downwards into the mainstream, there is no zero-order flow above the sheet able to convect any detached vorticity away from the edge. Thus a continually increasing distribution of vorticity of one sign is formed downstream of the trailing edge, until a steady state is reached in which the sheet never leaves the plate upwards into the stagnant fluid, and no more excess vorticity is shed. Orszag & Crow (1970) show how the rectified K u tta condition can be met in incompressible flow by the superposition of appropriate time-independent fields on to the oscillatory fields discussed in § 2. Up to an irrelevant 2) correction, the same functions apply in weakly compressible flow, so th a t we need merely remark th a t th e results of § 2 for the distant sound field are completely unaffected by imposition of the rectified K u tta condition.
The other possible K u tta condition, the 'full condition', requires the sheet to leave the plate w ith zero gradient at all times. This condition clearly has more rele vance to problems in which there is a zero-order mean flow on both sides of the plate but, even so, cannot be expected to apply unless frequencies are low enough to perm it the necessary vorticity to be shed and to react back on the flow within each cycle. Orszag & Crow (1970) regard the application of the full condition to the present problem as indefensible. Such experimental evidence as there is (Bechert & Pfizenmaier 1971) shows, however, th a t within an adm ittedly limited frequency range the contrary is true. The 'fu ll' condition appears always to be met, the ' rectified ' never. Be th a t as it may, application of the ' full ' K u tta condition here has such dramatic consequences for the sound field th a t a brief outline of the analysis is worthwhile. Indeed the consequences are so serious th a t further work, both theoretical and experimental, is clearly required to establish the domains of applicability of various K u tta conditions.
In the case of incompressible flow, Orszag & Crow (1970) show how the full K u tta condition may be imposed by separating terms ± 2 + -exp ( -i from the potentials (in addition to the Helmholtz modes of the doubly infinite vortex sheet) and requiring the correction potentials < j), if to account for the failure of these terms to satisfy conditions across the vortex sheet as well as for the mis behaviour of the Helmholtz modes on the plate. The constant Q can be found in terms of the amplitude A of the Helmholtz mode in such a way as to ensure th a t and thus satisfies all the required conditions. The appropriate potential for region 2 is easily obtained from (4.1) by a simple transformation to account for the con vective derivatives. Thus we now define new correction functions by
and a similar expression for but with no term involving Q in the expression for rj. The W iener-Hopf procedure can be carried through as before, and an expression for 7 /(x) results which for general A , Q, is 0 (x?) as The requires th a t the coefficient of this term vanish, with the consequence th a t then 7 j{x) = 0 (p$) and the sheet leaves the plate with zero gradient. Thus we fi Q = 2A (2/ilnk0)i, a value less than th a t given by Orszag & Crow (1970) by a factor 2~1 (allowing for slight differences in notation). The value given by Orszag & Crow is, however, inconsistent with their final result for the vortex sheet displacement in strictly incompressible flow (they give no other details), so th a t the above value appears to be correct. Indeed, our choice of Q can be shown to lead to an expression for the Fourier transform of the vortex sheet displacement which agrees, in the limit M -> 0, with th a t found by transforming Orszag & Crow's expression -provided the wavenumber s is held fixed and 0 (kH) as -> 0. As might be expected, however the limit is not uniform in s, and the results for strictly incompressible flow valid when s = O(k0) and M < «c 1. Thus the results to find the sound field, though, as noted above, their results are of course recovered from an appropriate limit of the results for compressible flow.
W ith Q determined as above, the far-field form of <j)(r, 6) can be found as
to which, according to (4.2) should be added _ e e x p ( iV )
i(V )i
to obtain the total scattered potential in 0 in the form total ~ -2 exP ( i V + l^i) cosec \d.
The radiated density fluctuation is
and the intensity-directivity law is 1 ~ cosec2 (4.4) (4.5) (4.6) (The apparent infinity at 6 = 0 is, of course, merely a defect of th approximation used to evaluate an inverse Fourier transform. Near 6 -0 this method requires modification, with the upshot th a t ^totai can be expressed in the form of a Fresnel-type integral very similar to (4.1).) Thus imposition of the full K u tta condition results in an increase of the radiated intensity by a factor M~2, and a very substantial change in the directivity pattern. The velocity exponent in (4.6) is the lowest yet found in aerodynamic noise theory; even a two-dimensional monopole gives only ~ t/3 (Ffowcs Williams 1969). The reason for the very high acoustic efficiency of the flow with full K u tta condition is to be found simply in the form of the new term involving Q in (4.3) and the correction function cj) which it induces. These new term s are essentially acoustic in nature, and their amplitude near the plate edge is at least comparable with th a t of the essentially hydrodynamic small-scale motion discussed in § 2. Consequently, it is hardly sur prising th a t a motion coherent on the wavelength scale IM~X should be more efficient than the hydrodynamic motion on the much smaller scale l.
We do not claim th a t a radiation efficiency as high as th a t predicted by (4.6) is ever likely to be observed in practice. The principal reason for giving the results of applying the full K u tta condition is th a t criticism has often been made of the scattering theories of Ffowcs Williams & Hall (1970) and Crighton & Leppington (1970 , in which the velocity components are allowed to become infinite (though integrable) at the plate edge (see, for example, W hitehead's comments on a lecture by Leppington, reported by Fisher & Lowson (1971) ). The singularities apparently form an integral part of the theory (but see Crighton & Leppington 1971) , and it has been held against the theories th a t a removal of edge singularities by the imposition of a K u tta condition would very much reduce the scattered radiation. The example worked out in detail here shows th a t precisely the opposite is true. Application of a K u tta condition does not merely require a highly localized charge in the flow; in the case of the 'full' condition it requires the introduction of a first-order motion varying on the acoustic wavelength scale. I t is only to be expected th a t a large increase in the radiation should result from the introduction of such a highly organized flow.
Introduction of compressibility can now be seen to clarify the properties of the coupled vortex-sheet/plate system in an interesting way. The system has two essentially distinct eigenmodes; one an unstable small-scale hydrodynamic mode, the other a stable large-scale acoustic mode. Neither in itself satisfies any K u tta condition, though a combination of the two can be found which does.
T h e d if f r a c t i o n p r o b l e m
A very brief discussion will now be given of the diffraction problem for this coupled system. Suppose the excitation is due to a monochromatic plane wave incident from the stagnant fluid. Then it is a routine m atter (details are given in Crighton (1972) ) to arrive at a formal integral expression for the scattered field. Deformation of the path of integration on to the path of steepest descent then splits the fields naturally into geometrical optics fields of the obvious kinds (waves reflected from the vortex sheet or from the rigid plate in appropriate regions, together with waves transm itted, after refraction, through the vortex sheet, and a shadow zone under the plate), plus cylindrical diffracted waves emanating from the plate edge. For M < 4 1, all the distant fields are essentially the classical Sommerfeld diffraction problem (Noble 1958, p. 57) . This follows from the fact th a t the W iener-Hopf kernel which occurs here tends, as M-> 0, to the Sommerfeld kernel, provided the wavenumber s is held O(&0)-a n d such wavenumbers completely determine the distant sound field. The limit is not approached uniformly in s, however, and the problem 1 is a singular perturbation of Sommerfeld's problem with M = 0. This is obviously t expansion parameter M is the ratio of two dynamically distinct length scales, U/o) and ajo). In fact, if M is small but non-zero, it can be shown th a t = 0 (x%), (j){pc) = 0 (\x\i),i/r(x) = 0(| #|I) near x = 0, 0 and ^ denoting the s in y > 0 and y <0 respectively. The velocity components in the stagnant f remain finite at the edge, in contrast to the case = 0 in which they become infinite like | #| ~I. In the absence of any K u tta condition, however, the velocity components below the sheet still have (integrable) singularities.
The ' full ' K u tta condition can now be imposed if we superpose the solution of § 2, consisting of a Helmholtz instability on a doubly infinite vortex sheet plus the cor rection due to the plate. W ith an appropriate choise of the constant A in terms of the amplitude of the incident field, one finds then th a t tj(x ) = 0 (x$), = 0(|#| §), \Jf{pc) = 0 {\ #|i) in accord with the full K u tta condition. This superposition does not, of course, represent the only solution to the problem, for there exist eigensolutions, which may or may not satisfy the K u tta condition, of the kinds discussed previously. However, the unstable mode with A determined as described above may perhaps be legitimately regarded as causally induced by the incident field, although it has no effect on the distant sound field. For the only genuine acoustic p art of the unstable mode is th a t part induced by the presence of the plate and given in (2.7), and the value of A is in fact such th a t the amplitude of this interaction field is smaller than th a t of Sommerfeld's diffracted field by a factor of order M .
We conclude th a t the effect of the vortex sheet at small Mach numbers is to smooth the behaviour near the plate edge, at the expense of exciting a non-radiating Helmholtz instability, with negligible change in the far-field radiation.
D i s c u s s i o n a n d c o n c l u s io n s
This paper has examined the low Mach number radiation from a flow coupled to an inhomogeneous solid surface. Very few systems of this kind appear to be amenable to calculation, even within the confines of linear inviscid hydrodynamics, and the example followed through here seems to be the first involving a surface which is non-compact relative to the acoustic wavelength.
Before mentioning the possible relevance of the detailed results of this paper, particularly those of § 2, we must acknowledge a number of points on which the model flow studied must be criticized. In the first place, the notion of a spatially growing instability has its difficulties in an elliptic problem. Linearization is not valid everywhere in space, and departures from linear behaviour downstream of the trailing edge might, for elliptic governing equations, have significant effect every where, even in the region where linearization is apparently valid. None the less, as Orszag & Crow (1970) remark, there is considerable experimental confirmation of theories based on the idea of spatial instability, so th a t the linear theory predictions may be adequate in the regions where one might casually expect them to be. To th a t extent, the predictions of Orszag & Crow regarding the influence of the plate on the shape of the eigenfunctions of the vortex sheet -th a t such influence vanishes essentially for k H \x\ > 1 -must then be correct. Here, however, we are not m concerned with the flow pattern for | #| < k^f but for the much larger region |#| < &Q1, for scattering theory leads us to expect th a t appreciable conversion of eddy energy into propagating sound will occur from the interaction of the plate edge with fluid elements up to an acoustic wavelength from the edge. W ithin this distance, however, the vortex sheet amplitude has grown by a factor exp ( i f -1), and the linearized solution can have no possible relevance. This argument, however, overstates the case against the model. In § 2, the field is split into th a t of a doubly infinite vortex sheet plus a correction due to the plate, the latter vanishing for kK \x\ > 1. Presumably the effect of the plate is properly accounted for by such a split. The field generated by flow at distances greater th an from the edge is the same as th a t generated if no plate were present and must, if nonlinear terms could be included, give an intensity varying as (Lighthill 1952) . The im portant results of §2, for a rigid plate, are the low velocity exponent I ~ U5 for three dimensions, and the pronounced forward directivity I ~ sin2 \Q. According to § 3, these results are not greatly changed by compliance of the plate. For a limp plate, the velocity index is increased to 6 and the directivity maximum shifted from the extreme forward direction to the broadside direction 6 | tt. These results are not dependent upon details of the flow (Crighton & Leppington 1970 , and also not particularly sensitive to geometry, so th a t they represent features which should be possessed by the sound field resulting from the interaction of a cylindrical shear layer with a jet engine tailpipe.
To demonstrate the importance of the surface scattered noise, suppose th a t the flow downstream of the plate edge becomes turbulent at distances greater than kji = l, with r.m.s. velocity level u, and th a t the turbulent region consists of a large plane sheet of thickness l and area 8. Then from Lighthill's (1952) solution
Here we have assumed the fluctuating part of to be of order Uu, and noted th a t the frequency associated with the quadrupole field is u/l, rather than U/l the fre quency of the shear layer instability (this is a point repeatedly emphasized by one can show th a t the intensity radiated from the turbulent flow is ( 6. 1) Lighthill (1954) ). To be consistent, we must then also take the A of (2.7) to be of order ul, so th a t the velocities induced by the instability become of order u at distances 0 (1) downstream from the edge. W ith the appropriate modificat (2.9) for three dimensions, the ratio of quadrupole intensity to surface scattered intensity is M 3(ulU)*Sl~2. (6.2)
Even with M = \, (u/U) = extreme values, it is quite clear th a t the area 8 must span at least 100 correlation areas l2 in order for approach th a t created by surface scattering.
Thus the interaction of shear layer instability with a large surface has the following characteristics: (1) a frequency spectrum concentrated on the frequency a value higher than th a t of free turbulence by a factor U/u; (2) a velocity exponent for the intensity between 5 and 6; (3) and extremely pronounced forward directivity; (4) a total radiated power at least comparable with th a t of turbulence generated noise unless the turbulent volume is very large.
Attributes of precisely this kind go a long way towards explaining certain dis crepancies which exist between the measured noise field of current turbofan and turbojet engines and predictions based on Lighthill's theory of convected quadrupoles with surface effects ignored. The situ a tio n -th e so-called 'excess noise' problem -is not well documented in the open literature, but appears to involve the following behaviour. For angles less than from the exhaust flow direction, the correlation of experimental data using the results of Lighthill's theory is quite adequate over a wide variety of engine types and operating conditions. In the forward directions, however, substantial deviations occur, for which as yet we have no satisfactory correlation and prediction techniques. The frequency spectrum for forward emission has two peaks, with comparable contributions to the total intensity from the spectral regions around each of the peaks. The contribution to the intensity associated with the lower of the two frequencies continues to scale according to Lighthill's theory. That associated with the higher frequency does not, involving in particular a velocity exponent somewhere between 4 and 6.
We make the tentative suggestion th a t the above behaviour can be explained on the basis of the predictions of this paper. The two frequencies are to be identified with u/l,the frequency of eddy motion in a convected reference frame, and U/l, the frequency associated with the most rapidly growing mode of shear layer instability. Sound at frequencies around u/l is generated by eddies in the fully turbulent mixing region dow nstream of the jet exit plane. That at frequencies around Ujl is generated by the interaction, with the engine tailpipe, of growing modes on the annular shear layer immediately aft of the exit plane, and has a very definite forward directivity. In the forward directions, the two fields are of comparable magnitude, even for values of M approaching unity, in view of the strong dependence of (6.2) upon the ratio (u/U). These arguments rest upon the assumption th a t the frequency U/l is sufficiently high th a t no unsteady K u tta condition need be satisfied.
Of course, this may not be the only mechanism responsible, and a more detailed assessment of the claim made here m ust rest upon results of more refined experiment and theory. Obviously, a first step would be to determine more precisely the values of the two peak frequencies observed in practice, and to determine whether or not the 'excess noise' directivity agrees a t all with the sin2\ d pattern predicted here. Under certain circumstances, the geometry of the annular shear layer might also be expected to play a p art capable of experimental detection. Since the problem of the annular shear layer has its own analytical interest, as well as more direct correspond ence with practice than the model used here, we defer consideration of it to a subsequent paper.
The au th o r's attention has been drawn by a referee to the paper by D. S. Jones (J. Inst. Maths Applies. 1972, 9, 114) which has appeared since the completion of this work. In Jones's paper, K u tta conditions are imposed on the quadrupole scattering model of Ffowcs Williams & Hall (1970) , with the conclusions th a t I ~ U3 when there is no mean flow a t all (U then referring to a velocity characterizing the quadrupole eddy), but th a t in the presence of the same mean flow on both sides of the plate, I ~ U5, whether or not a K u tta condition is im posed. In case the first of these conclusions may seem to be similar to th a t of §4 above, we should rem ark th a t in Jones's model the plate is continued into a vortex sheet (although there is no mean flow to convect detached vorticity away from the plate) across which the pressure is discontinuous. As a consequence, transverse momentum conservation is violated, and it is easy to check th a t Jones's field is just th a t generated by an array of transverse dipoles in the fluid rather than on the plate. The acoustic consequences of such violations are now well known, and arise through an attem p t to enforce a delicate flow/sound balance on a situation set up on the basis of complete decoupling between flow and sound. The author's belief is th a t questions relating to K u tta conditions and sound fields cannot even be asked in the context of Lighthill's quadrupole model, but only in the context of simple flows of the kind discussed above -though adm ittedly these also have inconsistences which may prove to be equally serious.
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